We numerically generate the six-dimensional landscape of D3-brane inflation and identify patches of eternal inflation near sufficiently flat inflection points of the potential. We show that reasonable measures that select patches of eternal inflation in the landscape yield sharp predictions for the spectral properties of primordial perturbations on observable scales. These include a scalar tilt of .936, a running of the scalar tilt −.00103, undetectably small tensors and non-Gaussianity, and no observable spatial curvature. Our results explicitly demonstrate that precision cosmology probes the combination of the statistical properties of the string landscape and the measure implied by the universe's quantum state. 
I. INTRODUCTION
A framework for cosmology consisting of a model of the dynamics together with a theory of initial conditions predicts a prior. The prior takes the form of probability distributions for cosmological observables. Observables with distributions that are sharply peaked around specific values are predicted with high accuracy by the theory and can be used to test it against observations. In this paper we compute the probabilities for CMB-related observables in a specific corner of the string landscape, the six-dimensional landscape of warped D3-brane inflation, for a universe in the no-boundary quantum state. We will find that a number of observables associated with the CMB which have rather broad statistical distributions in the landscape are nevertheless sharply predicted when the implications of the universe's quantum state are taken into account. Although we mostly focus on a particular quantum state, we will argue that many of the sharp predictions persist in other viable theories of initial conditions that select among all quantum mechanical histories of the universe those with a period of slow roll inflation.
We construct the D3-brane inflationary landscape by modeling the six-field dynamics of D3-brane inflation on a general scalar potential on the conifold. The scalar dynamics is governed by a potential which is fixed up to a set of compactification-dependent constants.
To realise this landscape we choose values for these constants with a Monte Carlo method [1] [2] [3] . Previous realisations have identified patches near approximate inflection points of the potential which allow for an extended period of slow roll inflation. However the ensemble of inflationary universes in the landscape exhibits a broad range of values for observables such as the scalar spectral tilt n s , the running of the tilt α s and the tensor-to-scalar ratio r of the fluctuations. For instance in universes with less than 60 efolds of inflation after the inflection point the scalar spectrum is typically blue, whereas otherwise it is red. Moreover the landscape does not appear to have a strong statistical bias toward either option 1 . This has led to broadly distributed probabilities -and hence no clean predictions -for CMBrelated observables if one adopts a flat prior on initial conditions reflecting ignorance about the underlying theory of the quantum state. 1 In the subset of trajectories with N e > 60 there is a moderate statistical bias towards a blue spectrum [2] . As we will show, this bias is not relevant for predictions.
By contrast, combining the statistics of the landscape with a model of the quantum state yields a very different conclusion. In this paper we mostly adopt the semiclassical noboundary wave function (NBWF) as a model quantum state [4] . The NBWF populates a given landscape potential with an ensemble of universes -backgrounds and fluctuationsand, most importantly, it endows this ensemble with a measure. At the semiclassical level the NBWF weights universes by exp(−I) where I is the Euclidean action of a compact regular saddle point that smoothly joins onto the universe when the scale factor is sufficiently large 2 .
It is well known that the probability distribution over cosmological backgrounds predicted by the NBWF is concentrated around inflationary universes (see e.g. [5, 6] ). Hence the NBWF selects those patches of the landscape where the slow roll conditions for inflation hold. The sum of the probabilities of all universes originating in a given inflationary patch of the landscape implies a relative weighting of the 'models' of inflation contained in the landscape, which then yields a prior over various observables [7, 8] .
We shall be primarily interested in the joint probabilities of observables connected to the statistical features of CMB perturbations, such as the scalar tilt n s , the tensor-to-scalar ratio r and their overall amplitude A s . The NBWF predicts the usual probabilities for nearly Gaussian scalar and tensor perturbations around each inflationary background in its ensemble [7, 9] . Their statistical properties are specified by the shape of the potential patch probed by the background. This is where the relative weighting of different landscape regions enters: if the NBWF prior is sharply peaked around inflationary backgrounds associated with a particular patch of the landscape then the theory predicts the CMB perturbation spectrum should exhibit the features characteristic of the potential in that patch.
However probabilities that are relevant for the prediction of our observations are not simply the probabilities for members of the ensemble of histories of the whole universe. Rather they are conditional probabilities that describe correlations between local cosmological observables O, given our observational situation. We have called the former bottom-up (BU)
probabilities and the latter top-down (TD) probabilities [10] . The condition that our observational situation exists somewhere in the universe is a global condition that selects histories in which our classical universe emerges from a region in the landscape where the conditions for eternal inflation (EI) hold [11, 12] . A region of EI is a very flat patch of the landscape, 2 We use units where = c = 8πG = 1.
associated with scales beyond those directly probed by CMB fluctuations, where V > , with ≡ V 2 /2V 2 . The quantum dynamics of perturbations implies that universes originating in such regions become exceedingly large, which in turn means they dominate TD probabilities in a broad class of quantum states -provided of course there are EI patches.
It was argued [13] that the D-brane inflationary landscape has no (slow roll) EI patches, at least when one also requires a low amplitude of scalar fluctuations on observable scales.
However the analysis of [13] did not incorporate flux-induced contributions to the potential (because they were not understood at the time) and used an EI condition of the form φ > φ c , which does not allow for the possibility that subtle cancellations between terms in the potential could lead to sufficiently flat patches where EI might occur. A new investigation of the existence of EI patches in the D-brane landscape is thus called for. With the addition of the missing terms (and dimensions) and by a Monte Carlo scan of the potential landscape, we find that slow roll eternal inflation is statistically rare, but nonetheless possible.
The TD probabilities predicted by the NBWF are biased towards universes associated with regions of EI in the landscape at a low value of the potential [8, 12] . We find that in the D3-brane landscape universes emerging from low-lying regions of EI subsequently undergo a long period of slow roll inflation. Moreover the spectral features of primordial fluctuations on observable scales in those histories have very specific statistical features, such as a scalar tilt n s ≈ .936 and a tensor-to-scalar ratio log 10 r < −13. It is immediately evident that these specific and sharp predictions follow from the combination of the NBWF prior with the statistical structure of the landscape. Indeed earlier work has shown that either part of the theory separately leads to much more broadly distributed predictions for these observables, demonstrating that precision observations in cosmology probe an intricate combination of the dynamics and the quantum state of the universe.
The rest of this paper is organised as follows. In Section II we describe the inflationary landscape of warped D-brane inflation. Section II A gives a brief overview of the model. In
Section II B we state our notation and approximations. Section II C contains the explicit form of the landscape potential, and finally in Section II D we discuss how we generate an ensemble of representative trajectories for D-brane inflation building on [1] [2] [3] . However in contrast with [1] [2] [3] we allow a specific model parameter a 0 , the warp factor at the tip of the conifold, to vary. This enables us to identify patches of eternal inflation, which is the main subject of Section III. We first review the subset of inflating trajectories with N e > 60 and no further requirements, which was discussed in [1] [2] [3] . In Section III B we concentrate on eternal inflation in D-brane inflation and show some of the statistical properties of the subset of EI patches. In Section IV we turn to quantum cosmology and introduce the notion of a wave function of the universe, which effectively acts as a theory of initial conditions on the landscape. We focus on a specific wave function, the previously mentioned NBWF, in Section IV A. In Section IV B we review how predictions for observations are derived from a wave function of the universe, and we apply the general framework to the specific case of D-brane inflation. In Section IV C we specify precisely what are the conditional probabilities involving CMB-related observables we compute, and we discuss the results for these in Section V. Our findings can be explained in terms of a simple phenomenological model of single-field inflection point inflation, which we work out in Section VI. In Section VII we briefly consider predictions following from alternative choices of measure or for other observables, and we conclude with a comparison with observations in Section VIII.
II. LANDSCAPE: WARPED D-BRANE INFLATION

A. Overview
In warped D-brane inflation 3 , one considers flux compactifications of type IIB string theory on Calabi-Yau threefolds where the moduli-stabilising fluxes are chosen such that the internal space exhibits a warped throat. More specifically, one approximates the throat by a finite region of the non-compact warped deformed conifold [16] and assumes that it smoothly attaches onto the bulk Calabi-Yau space at a radial distance r ≈ r UV . The background geometry, produced by a stack of N D3-branes at the tip of the singular conifold and M D5-branes wrapped around collapsed 2-cycles in the tip, is described by the string frame
Here, G is the deformed conifold metric, e A is a warp factor which we specify in Section II B and g is the metric in the four large dimensions. The NBWF predicts the four-dimensional 3 Our discussion of D-brane inflation is based on [1, 14, 15] where additional details may be found. Most of our notation follows [1] .
background to be a closed FLRW geometry,
with κ > 0. In the KKLMMT scenario [17] , which we consider, inflation is driven by the interaction of a mobile D3-brane and a stationary anti-D3-brane which is located at the tip of the cone where it minimises its energy. The branes fill our three large spatial dimensions nearly homogeneously and are pointlike in the six extra dimensions. Inflation ends when (and if ever) the branes come close enough together to annihilate through tachyon condensation.
The brane dynamics in the throat and sufficiently far away from the strongly deformed tip are governed by an effective potential which contains terms of distinct origin: an attractive
Coulomb-like term due to the opposite R-R charge of the branes, a term (also attactive) due to the coupling to four-dimensional curvature 4 and bulk terms -corrections to the potential due to gluing the throat onto the bulk Calabi-Yau and the presence of compactification artifacts e.g. flux. A delicate balance between these competing forces on the mobile brane can lead to an extended period of inflation. In general the brane meanders through all six extra dimensions before colliding with the antibrane, making D-brane inflation an example of multifield inflation.
Through the work of [14] it has become possible to characterise the flux-induced potential by a countably infinite set of real numbers called Wilson coefficients. Ideally one would be able to fix the Wilson coefficients for a specific situation in which all compactification details are known, but the present state of affairs [14] typically does not allow for this -only an order of magnitude estimate of the coefficients can be made [1, 18] . A way forward was provided in [1] by sampling the Wilson coefficients from some distribution M. Together with a choice of truncation degree of the potential 5 , initial conditions and remaining model parameters, one generated an ensemble of realisations of D-brane inflation, i.e. a collection of brane trajectories. Remarkably, one was able to identify a statistical feature of this ensemble that is substantially independent of M, truncation degree and initial conditions, namely the fraction of trials N (N e ) exhibiting N e efolds of inflation which was shown to behave like 6 N −3
e . An analytic argument for this characteristic behavior can be made by 4 This is just one term to the order in which we work, see Section II C. 5 The potential can be written as an expansion in increasing powers of a dimensionless quantity x < 1, see
Section II C. 6 For fixed model parameters. We have verified that the independence also holds for a range of values of considering the effectively single-field trajectories, which form the majority of realisations producing enough inflation ( 70 efolds), for which the potential has a typical inflection point [1, 3] . This emergent universality, which the authors of [1] ascribe to the collective structure that is likely to arise in a potential with many competing terms, is a reason to believe that the statistical distribution of cosmological observables in the actual corner of the string landscape defined by D-brane inflation can be probed by making definite (though not pathological) choices for M, truncation degree of the potential, initial conditions and model parameters which together define a toy model of the landscape. This reasoning was adopted in subsequent statistical analyses of cosmological perturbations in D-brane inflation [2, 3] and is a basic assumption of our work. If future work would show that M is in fact a very specific distribution, perhaps introducing significant correlations between the Wilson coefficients, which would either prohibit EI or change the phenomenology away from inflection point inflation, our predictions for D-brane inflation must be reconsidered.
B. Approximations and Restrictions
In our analysis, following [1] [2] [3] 14] , we restrict ourselves to the regime well above the tip of the cone, where we may neglect the deformation and approximate the deformed conifold metric G in (2.1) by that of the singular conifold
where dΩ 2 T 1,1 is the Sasaki-Einstein metric on the base
So we describe the conifold by six real coordinates, one radial coordinate r and five angular coordinates θ 1,2 ∈ [0, π], φ 1,2 ∈ [0, 2π] and ψ ∈ [0, 4π] which we have abbreviated by y = (r, θ 1 , θ 2 , φ 1 , φ 2 , ψ) ≡ (r, Ψ). In our analysis of the brane dynamics, we write φ A for the A-th coordinate of the mobile brane in the sequence (r, Ψ) which appears as a scalar field living on the conifold in the four-dimensional effective Lagrangian and action given below in (2.14)
the important parameter a 0 . 7 For a discussion of the conifold in all its incarnations, see [19, 20] .
and (2.15).
In our regime of study, the warp factor in (2.1) may be well-approximated by e A = r/R [15] where
The radial distance r UV , where the conifold glues onto the bulk, is approximately equal to R. The deformation becomes significant in the vicinity of r ≈ a 0 R, where as mentioned above a 0 = e A IR is the warp factor at the tip of the cone.
Concretely, in terms of a rescaled radial coordinate x ≡ r/r UV , we restrict our analysis to the region 10a 0 < x < 1 of the cone 8 . The restriction to stay away from the tip reduces the likelihood of DBI effects, see Section II D and [1] . Finally, when discussing perturbations of the homogeneous background, one must show that all entropic modes have decayed by the time the brane leaves the restricted volume of the conifold for predictions to be valid, i.e. independent of further evolution in the tip-regime and the reheating process. We have verified that the entropic modes are always sufficiently massive such that we would expect them to decay quickly after Hubble exit (see also Section III B), but we rely on previous studies [2, 3] that assure an adiabatic limit is always reached.
C. The Potential Landscape
It is the achievement of [14] to determine the most general form of the potential V governing the brane dynamics. One shows that the rescaled potential V /T 3 = Φ − satisfies the Poisson equation
where ∇ 2 is the Laplacian on the singular conifold, T 3 = (2π) 3 g s (α ) 2 −1 is the D3-brane tension and one recognises the distinct sources we mentioned in Section II A. It is shown in [14] that the perturbing imaginary anti-self-dual (IASD) three-form flux Λ on a Calabi-Yau cone, in particular on the singular conifold, can be categorised into three groups. Each type of flux is expressed as a function of a harmonic function on the conifold, its derivatives and objects related to the Kähler structure of the conifold -the Kähler potential, Kähler form and holomorphic 3-form. A general harmonic function f on the conifold may be expressed in a multipole expansion of the form
where L ≡ (l 1 , l 2 , R) and M ≡ (m 1 , m 2 ) label the SU(2) × SU(2) × U (1) 
which can be found in explicit form in e.g. [23] . Demanding ∇ 2 f = 0 in (2.6) then implies that the radial scaling dimensions ∆ are related to H via
Finally, the constants c LM are the undetermined Wilson coefficients we mentioned earlier.
The general solution to (2.5) is then the sum of a solution to the homogeneous equation of the form (2.6), plus inhomogeneous terms which can be obtained by integrating (2.5) over the Green's function on the singular conifold. The interested reader is redirected to [14] where one explains the solution in detail. Here we simply display the final result in analogy with [1] but in slightly more detail:
10)
where
Several remarks are in order. Firstly, we have assumed that contributions to the inflationary vacuum energy V 0 other than the contribution from the brane-antibrane pair D 0 are much
0 sets the scale of inflation (we will fix T 3 ). In particular we do not follow [3] where one assumes that V 0 is adjusted such that the scalar amplitude takes on its observed value. In Sections V and VIII we discuss how this assumption plausibly has no effect on our predictions. Note that in addition to setting the scale of inflation, a 0 determines the relative strength of the Coulomb and 'random' forces on the brane. Secondly, a constant µ 4 has been extracted in (2.12) and (2.13) so that the c LM are expected to be of order 1 in a typical compactification [18] . Following [1] , we assume all possible terms are present and typically of the same order of magnitude in the landscape.
Thirdly, we have neglected extra terms in V C which are suppressed by additional powers of a 0 , which is small, see Section II D. Fourthly, we have truncated the potential at ∆ = 2.
Truncating the potential at this arguably minimal exponent -the leading contribution from curvature goes like x 2 -is a luxury we permit ourselves due to the universality results of previous work 9 [1] . There are 27 Wilson coefficients in our truncated potential.
D. Generating an Ensemble of Trajectories
The equations of motion of the mobile brane in the Einstein frame are obtained from the DBI + CS Lagrangian
where T (φ) = T 3 e 4A = T 3 x 4 is the warped tension and V is the effective D3-D3-brane potential (2.9). As in previous studies [1, 2] , we found that it was consistent to neglect DBI effects 10 and approximate the effective action of the total system by that of six scalar fields living in the singular conifold, coupled to 4D gravity like
In the following we redefine φ 1 → √ T 3 φ 1 , but we will continue to use x ∈ [10a 0 , 1] as the radial position of the brane. The equations of motion for the brane coordinates and homogeneous background geometry that follow from this action are
17)
To generate an ensemble of trajectories we largely follow the procedure of [1, 2] . As .3] with uniform measure. We will argue in Section V that our predictions are largely independent of this choice.
For the truncation of the potential, we neglect terms O(x p>2 ) as we discussed in the previous section. As initial conditions for the brane, we choose x(0) = .9, Ψ(0) = 1 anḋ approximation is only valid roughly in the regime x > 10a 0 . So for these realisations we cannot reliably model the dynamics below r < .1 which already may seem too substantial to trust any results. However, in succesful realisations of inflation (see Section III A), the radial height of the inflection point around which the inflaton is typically in slow roll is strongly positively correlated with a 0 . This is to be expected from the potential (2.9) -(2.13): if a 0 is greater, the Coulomb force is stronger and the inflaton will find the balance between the competing forces higher up in the cone. We verified that in all our realisations, the brane has exited the slow roll phase and has begun its rapid descent towards the tip before our approximations become invalid. Unless the tip-regime contains another slow roll patch or somehow prohibits the branes from annihilating, which is a caveat for all of our realisations, we believe our approximations are justified. Of course the precise cutoff at log 10 a 0 = −2 is arbitrary, but the conditional probabilities for the observables we consider in this paper are independent of the precise value (see Sections V and VII). The lower bound a 0 = 10 −5 is motivated by the observation that the amplitude of scalar perturbations in all realisations with log 10 a 0 −5 is smaller than the observed value. We show in Section V this means these realisations do not contribute to the TD probabilities for the observables we consider. In principle we do not have the liberty to choose to scan logarithmically over a 0 : ideally, as was the case with Q, the statistical distribution of a 0 in the D-brane landscape should be dictated by the theory of flux compactifications, which alas is not explicit enough about this matter to date. We will argue however (Section V), that, like Q, predictions following from the no-boundary prior are very robust with respect to the actual distribution of a 0 in the landscape. In particular, a uniform or exponential statistical distribution of a 0 gives the same predictions for the D-brane landscape in the no-boundary state 11 .
According to the details described above, we probed the D-brane landscape by solving repeatedly the equations of motion (2.16) -(2.18) with the mentioned initial conditions and random model parameters. The outcome of a simulation can conveniently be categorised in three groups as was done in [1, 2] : either the brane succeeds in reaching the bottom (x = 10a 0 ) of the throat -a succesful realisation of inflation -or it gets expelled from the throat (x > 1) in which case we are forced to discard the simulation because of our ignorance of the physics in the bulk, or it ends up in a metastable false vacuum (FV) minimum (10a 0 < x * < 1). We also discard the latter trials although it should be noted that they might alter some of our predictions. We plan to return to this point in future work (see also Section III B). In total we performed 4 · 10 9 simulations, 99304 or 2.5 · 10 −3 % of which were succesful realisations of inflation with more than 60 efolds of inflation 12 .
III. ETERNAL INFLATION NEAR INFLECTION POINTS A. Inflation
It is a well established fact that trajectories with an extended period of inflation typically begin by rapidly spiraling in the angular directions and moving downwards in the radial direction, until a sufficiently flat inflection point in the potential is encountered where slow roll occurs [1, 2] . After the slow roll phase, the brane falls off the Coulomb ledge and plummets towards the antibrane. Although radially directed motion is predominant during slow roll in the majority of cases, the motion along the inflection point can have significant angular components. In particular in general the mass-squared in the adiabatic (= along the motion) direction can become of the order of H 2 and the trajectory may exhibit a significant amount of bending [3] . These features signal the generic invalidity of the single-field slow roll approximation to calculate properties of the scalar power spectrum, such as its tilt. In small values. This is because if one were to scan with say a uniform distribution on a 0 , one would numerically have a hard time resolving the details of the EI ensemble for small a 0 , which in the noboundary state dominate probabilities for observations (Section V). Incidentally one can always revert to another distribution by weighting data points by an appropriate function of a 0 . 12 These numbers differ from [1] because we sampled a 0 and Q differently. Only background trajectories with a significant amount of inflation are relevant for TD probabilities (Section IV B) however. The correspondence continues to hold for N e > 300.
realisations of this kind one must resort to methods which explicitly track the evolution of perturbations around the homogeneous background in the multidimensional landscape. Slow roll-violating and multifield effects on CMB-related observables were extensively studied in [2, 3] to which we refer the reader for more details.
However, it was also found in [3] that trajectories producing enough ( 70) efolds of inflation do allow for an effectively single-field slow roll description. This is because the long phase of inflation before the observable scales in the CMB exit the horizon almost always 13 suffices to damp out all non-slow roll and multifield effects. The phenomenology of the model is then that of inflection point inflation [1, 15, 24] . We will make use of this result when we discuss perturbations in the ensemble of eternally inflating trajectories in Section V. Here, we recall that also the statistical distribution N (I, N e ) of inflating trajectories with N e > 60 efolds as a function of N e in D-brane inflation behaves roughly as the distribution in inflection point inflation [1] . Our result for the distribution, in accordance with [1] , is illustrated in Fig. 1 . 13 In 98.7% of this ensemble. In our work, we allow log 10 a 0 to vary over the interval [−5, −2] and Q to vary over the interval [0; 0.3], both uniformly, as detailed in Section II D. Fig. 2 shows the statistical distribution of instances we found with N e > 60 efolds of inflation in the (log 10 a 0 , Q)-plane.
A clear accretion of data points can be seen in a band in Q-space which becomes narrower and moves towards lower Q as a 0 decreases. This can be understood from the picture of competing forces on the brane (Section II A): for fixed Q, as a 0 decreases the relative strength of the Coulomb force with respect to the flux forces diminishes. In the absence of an attractive term, the random forces typically either quickly eject the brane from the throat or cause it to reach the antibrane in just a few efolds. To restore balance to the force, Q must also decrease. Obviously there are trajectories which do not obey this rule of thumb, namely those with large Q and small a 0 . They are anomalous in the sense that there is often no well-defined inflection point to be found along the path but still there is a long period of inflation. By coincidence the potential and initial conditions are just right to cause the brane to slowly spiral down to the tip, exploring a significant part of the angular manifold. To our knowledge such trajectories are a new finding, but because they turn out to be irrelevant for predictions (see Section III B, in particular Fig. 3 ) we will not study them in more detail here.
B. Eternal Inflation Here N e refers to the number of efolds of a background trajectory that crosses an EI patch of the potential. The black line indicates the maximum number of efolds N max we are sensitive to in our simulations as a function of a 0 (see also Footnote 20) . As a 0 decreases, the EI condition becomes increasingly difficult to satisfy: only the flattest fine-tuned potentials, which generate many efolds of inflation, make the cut. Green data points originate from a separate scan at small values of a 0 and Q, where N max was increased to 3000 (independent of a 0 ).
a canonically normalised scalar field at value φ expands by a factor e 3 ≈ 20. Quantum fluctuations ∆φ qu of the scalar field with respect to φ, averaged over each of the twenty new Hubble volumes, may be approximated as independent 14 Gaussian distributed random variables with standard deviation H/2π and mean zero. During the same time, the inflaton classically moves a distance |∆φ cl | = |φ|/H down the potential hill. EI is then defined 14 Correlations extend roughly over about a Hubble length due to the no-hair theorem for de Sitter space. to occur when the probability ∆φ qu > |∆φ cl | is larger than 1/e 3 . This boils down to the 
Here |φ| 2 ≡ G IJφ IφJ is the magnitude-squared of the velocity vector in inflaton field space,
i.e. the singular conifold, and we have followed [26] in our choice of C. This readily reduces, after a field redefinition, to (3.1) in the special case of effectively single-field inflation and incorporates that the inflaton field space is curved. Of course, (3.2) cannot be a valid 15 Due to our choice of initial conditionsφ A = 0, (3.2) will always be satisfied near t = 0. We obviously do not count this as a regime of EI.
criterium for eternal inflation in a general multidimensional potential landscape 16 . Indeed, if the classical trajectory would happen to be along a ridge on the potential hill, nearly any quantum fluctuation would destabilise it and inflation would certainly not be eternal. The actual perturbed paths would explore wholly different regions of the potential landscape than the classical background in this case, typically not be eternally inflating, and thus drastically alter predictions. However, instabilities of this kind do not occur in the {N e > 60} ensemble of classically inflating trajectories described in Section III A. In fact, it turns out that when we condition on > 60 efolds of inflation, the masses of the entropic fields are typically much greater than the adiabatic mass which becomes tachyonic when enough ( 100) efolds of inflation are realised [2, 3] . We have reverified this claim for our ensemble of inflating trajectories by calculating the eigenvalues m This can be understood from the rough V > criterium, which simply becomes harder to satisfy when a 0 decreases because the potential is required to be so flat 19 (recall that we take V ∼ a 4 0 ). We believe this difficulty may slightly be alleviated by using a more complete form of the potential that retains terms with higher powers of x [1] [2] [3] . This is because the number of Wilson coefficients rises greatly with more terms, plausibly allowing for more fine-tuning in the potential landscape. However, when doing this, each simulation becomes computationally more expensive. We made a trade-off between time cost and accuracy.
Because the rare EI realisations with small a 0 contribute significantly to the probabilities for observations (cf. Section IV), we performed a separate scan of the potential landscape in a very restricted region of parameter space at relatively small values of a 0 and Q in order to resolve this corner as best as we could given our computational limitations. We mark the data points we found in this corner by green circles in the scatter plots Next, it is illuminating to look at the distribution of EI data points in the (log 10 a 0 , N e )-plane. This is shown in Fig. 4 . A rough explanation of the general behavior can again be 17 We also checked explicitly that our EI trajectories allow for an effectively single-field description by using the transport method and verifying that the difference with the slow roll result is negligible. For this we used a code which is publicly available at transportmethod.com and described in [29] . 18 This would require checking the condition (47) of [28] , a herculean task for this model. 19 The effect that our choice of measure in Q-space also tends to lower the number of N e > 60 trajectories found (cf. Fig. 2 ) is negligible in comparison.
given: because the potential is required to be flatter and flatter to satisfy the EI condition as a 0 decreases, histories inflating along these flat patches are expected to produce many efolds of inflation. We emphasise that this is only a rule of thumb 20 . closed. In the ∼ 10 6 inflationary landscape patches we have generated so far it appears that even though false vacua are relatively common, tunnelling in the radial direction is not at all.
In particular we have never found a slow roll patch across the Coulomb barrier. Instead after tunnelling inflation always ends within a fraction of an efold. However to show conclusively that slow roll EI patches dominate TD probabilities we should verify that tunnelling does not occur from a false vacuum in a general (r, Ψ)-direction, to a region where the slow roll conditions hold. One should also examine more complete forms of the potential which retain higher powers of x, which may possess the necessary additional structure for false vacuum tunnelling plus slow roll. We leave a more detailed analysis of this for future work.
IV. THE QUANTUM STATE
The statistical ensemble of inflating backgrounds in the D-brane landscape exhibits a broad range of values for cosmological observables. This leads to broadly distributed probabilities and therefore weak predictions if one adopts a flat prior on initial conditions in the 20 A technical remark: when simulating the dynamics one must specify a maximum efold-time N max , after which one assumes that the brane has ended up in a FV if it has not by then been ejected from the throat or reached the threshold value near the tip. Because the time cost of a simulation rises rapidly with N max , and guided by the rule of thumb, we made N max a function of a 0 to most effectively detect EI. We will have missed some instances with many efolds, but again a trade-off between time cost and accuracy is unavoidable.
landscape, reflecting ignorance about the underlying theory of the quantum state of the universe. We take a different viewpoint and instead complete our theoretical framework with a definite model of initial conditions, the NBWF, which we discuss here. In Section V we show the NBWF applied to the D-brane landscape leads to sharply peaked probabilities for cosmological observables.
A. No-Boundary Wave Function
A quantum state of the universe is specified by a wave function Ψ on the superspace of threegeometries (h ij (x)) and matter configurations (φ(x)) on a closed, spacelike three-surface Σ.
Schematically we write Ψ = Ψ[h ij , φ] where φ stands for a higher-dimensional scalar field. A wave function of the universe Ψ[h ij , φ] does not select a single universe. Rather it describes an ensemble of possible histories of the universe, in different patches of the landscape potential, along with their quantum probabilities.
We adopt the no-boundary wave function (NBWF) [4] as a model of this state. In the semiclassical approximation the NBWF is given by
where I R [h ij , φ] and −S[h ij , φ] are the real and imaginary parts of the Euclidean action I of a compact regular saddle point solution that matches the real boundary data (h ij , φ) on its only boundary Σ. If S varies rapidly compared to I R the wave function takes a WKB form and predicts that the boundary configuration (h ij , φ) evolves as a Lorentzian, classical universe. The ensemble of classical universes predicted by the NBWF is of particular interest in cosmology, since classical spacetime is a prerequisite for cosmology as we know it. Indeed our existence selects the quasi classical realm of the wave function of the universe. The classical ensemble predicted by the NBWF has the striking property that it is peaked around cosmological backgrounds which undergo some amount of matter driven, slow roll inflation [5, 6] . Hence the NBWF populates the landscape in a very specific manner: it selects the landscape patches where the conditions for inflation hold and within those patches, it selects universes with an early period of inflation.
The tree-level probabilities P N B (φ 0 ) of the individual background histories in the NBWF ensemble are proportional to exp[−2I R (h ij , φ)] and therefore specified by the real Euclidean part of the saddle point. It turns out that to an excellent approximation these are proportional to [6] 
where φ 0 is the value of the scalar field at the start of inflation and we have included a small cosmological constant, which we will assume may vary over the set of stable flux compactifications such that it is (statistically) uniformly distributed over the narrow anthropically allowed range. The probabilities (4.2) are conserved during classical evolution, and in particular during inflation, as a consequence of the Wheeler-DeWitt equation.
The probabilities for scalar curvature perturbations ζ and tensor perturbations t ij on Σ are specified by the no-boundary wave function of perturbations around homogeneous saddle points [7, 9] . In the semiclassical approximation these are given by the usual product 21 of nearly Gaussian probabilities P (ζ k |φ 0 ) and P (t ij(k) |φ 0 ) for fluctuation modes ζ k and t ij(k) on S 3 [7, 9] . The statistical properties of these distributions -which are the usual observables in inflationary cosmology -are given in terms of properties of the backgrounds. We return to these below in Section V in the D3-brane landscape.
We now apply the no-boundary weighting to the D-brane landscape. Since the NBWF selects inflationary universes it suffices to limit attention to inflationary patches of the landscape. This is precisely what we have done in the previous Sections, where we have retained the choices of Wilson coefficients and warp factor at the tip, {c LM , a 0 }, that give rise to inflationary trajectories. The trajectories that we identified are effectively single-field 22 and start high in the throat, thus probing the entire inflationary patch specified by {c LM , a 0 }.
However the NBWF also allows for inflationary histories that start at a lower value in the same patch. The ensemble of inflationary universes predicted by the NBWF in the D-brane landscape can therefore be labeled by φ J 0 where J ≡ {c LM , a 0 } specifies the patch and φ 0 is the initial value of the scalar field in the effectively one-dimensional potential. It is useful to distinguish between two scales in the problem. The first is the overall scale of inflation, set by a 0 through D 0 = 2T 3 a 4 0 . The second is the difference ∆V /V T 3 = 10 −2 between the value of the potential at both ends of a particular inflationary patch. Thus when comparing 21 The regularity condition on the saddle points implies that perturbations start out approximately in the Bunch-Davies ground state [9] . 22 At least when N e 70. We will see that other trajectories hardly contribute to the NBWF probabilities for observables. the no-boundary weight (4.2) for histories associated with widely different scales a 0 , more specifically when ∆ log 10 a 0 10 −3 , we may approximate on the scales associated with eternal inflation [7] . This is because in eternal inflation, the typical size of perturbations on the horizon scale is comparable or larger than the background field motion in a Hubble time. As a consequence the perturbations have a large effect on the structure of the universe on those scales. This is important when it comes to probabilities for our observations as we discuss next.
B. Probabilities for Observations
So far we have discussed the NBWF probabilities for members of the ensemble of histories of the whole universe. Probabilities relevant for the prediction of our observations however are conditional probabilities that describe correlations between cosmological observables O given our observational situation. We have called the former bottom-up (BU) probabilities and the latter top-down (TD) probabilities [10] . Here we briefly review how one gets from BU probabilities for histories to TD probabilities for observations. For details we refer the reader to [8, 30] .
We model our observational situation in terms of a set of ultra local data D uloc on the scales of our planet. All we know is that our universe exhibits at least one instance of D uloc (D ≥1 uloc for short) -our instance. The TD probability for us to observe O is given by the BU probabilities for histories with O conditioned on the requirement that each history contains at least one instance of D uloc (in a region where the observable takes the value O),
In the D-brane landscape this takes the form
The last two factors are the NBWF probabilities for observables and backgrounds. We will be interested in observables associated with statistical properties of the pattern of CMB perturbations. Those can be expressed in terms of the shape of the potential evaluated around the field value probed by the background when the associated scale crosses the horizon during inflation. This means the probabilities for O do not explicitly depend on the perturbation variables ζ J k and t J ij(k) . We have therefore coarse-grained (summed) over the probabilities for the individual perturbed histories 23 in (4.5).
The first factor in (4.5) is the 'top-down' weighting. The TD requirement that our observational situation exists somewhere in the universe is a global condition that selects from among the NBWF ensemble of possible histories ones in which D uloc occurs at least once, somewhere, sometime. This is of course a trivial condition in sufficiently large universes.
After all, in an infinite universe anything occurs somewhere sometime with probability one.
In universes that are small however the TD factor in (4.5) is exceedingly small. This is because as observers we are physical systems within the universe, described by local data and thus amounts to weighting the BU probabilities by the volume of Σ [11, 31] . We have argued [11] this is the case for histories without a regime of eternal inflation, which have high amplitudes for nearly homogeneous universes only, with Vol(Σ) ∝ e 3Ne . By contrast, histories with a regime of eternal inflation have high amplitudes for configurations that have large perturbations on scales associated with eternal inflation [12] . As a consequence the volume of Σ of such universes is generally exceedingly large or even infinite so that the TD factor in (4.5) is approximately equal to one.
Hence the TD factor in (4.5) strongly favours landscape patches {c LM , a 0 } where the conditions for eternal inflation hold. In those patches the low no-boundary probability of histories 23 Thus the NBWF probabilities P N B (φ J 0 ) in (4.5) should be viewed as the sum of the probabilities of an ensemble of perturbed, inflationary histories which differ in their actual CMB patterns but share the same statistical features.
starting above the threshold for eternal inflation is more than compensated for by the large TD weighting. The net effect of the TD factor is therefore that the sum over {c LM , a 0 } in (4.5) can be restricted to eternal inflation patches 24 ,
where {c LM , a 0 } EI labels the eternal inflation patches, and the integral is restricted to starting points φ
is the threshold of EI closest to the tip. This is independent
of p E and of the precise nature of D
≥1
uloc and hence computable [11] . Finally, within a fixed patch J EI the integrand in (4.6) is strongly peaked at φ
due to the heavily biased P N B (φ
where, because we sum over a large range of values of a 0 , the latter factor may be approximated by (4.3). Thus the NBWF favours low values of a 0 or, equivalently, low-lying eternal inflation patches.
To summarise, the NBWF implies a prior for the prediction of local observations that selects landscape regions of eternal inflation and specifies a relative weighting of such regions that favours patches where eternal inflation occurs at a low value of the potential.
C. Local Observables
Theories are tested, supported, and falsified by comparing their predictions with observation.
What is important for this are the top-down probabilities for local observables conditioned on a description of the observational situation and coarse-grained over what is not observed.
An objective program for supporting a theory (I, Ψ) in cosmology consists of searching among all possible TD correlations in our total data D on all scales (including the possible results of future observations) for ones that are predicted by (I, Ψ) with significant probability and are sensitive to the theory's details [30, 32] . The observables O participating 24 Eternally inflating histories are highly inhomogeneous on the largest scales. However we will assume that their properties on observable scales are statistically the same in every Hubble volume in each individual history. That is, we coarse grain over quantum tunnelling events between different landscape patches. We hope to include the effect of bubble nucleations in future work.
in the correlation must be selected to this end. Not every correlation will test the theory but we posit no list of correlations that must have significant probability for a theory to be successful 25 . Instead we search through all.
We now investigate the predictions of the NBWF in the D-brane landscape for correlations among a range of observables related to the pattern of CMB perturbations, the cosmological constant Λ and other data D loc describing the nearby universe in our Hubble volume, conditioned on the requirement that the universe contains our ultralocal observational situation D uloc . That is, we calculate P (O|D ≥1 uloc ) with O = (Λ, A s , n s , α s , r, D loc ) where D loc are data that include our local distribution of galaxies which, together with Λ, specify a FLRW model and determine our time t 0 (D loc , Λ) as measured, say, from reheating. Similar joint TD probabilities were considered previously in [30, 33] .
The TD probabilities for O are approximately given by (4.7) . From the definition of conditional probabilities it follows that
The first factor acts as a further selection on the ensemble because it will be proportional to the number of habitable galaxies that have formed in our Hubble volume by the time t 0 . We approximate this by the expected number of galaxies for given values (Λ, A s ), which follows from the classical equations of motion, and we include our data on the age t 0 in a similar manner by requiring that t 0 is greater than the classical collapse time t C (Λ, A s ) of a typical fluctuation. This gives
Here, θ(x) is the step function, f (Λ, A s , t 0 ) is the fraction of protons in our Hubble volume in the form of galaxies by the time t 0 , and P g (D loc ) is the probability that any one galaxy has the specific features of ours contained in the data D loc . This is plausibly independent of Λ and A s and, like p E above, will not appear in the final probabilities. Fig. 7 shows a contour plot of f (Λ, A s , t 0 ), calculated along the lines of [30, 33] , for t 0 ∼ 5
Gyr, a few billion years before the present age to allow time for biological evolution. The fraction involves the combination Λ/A 3/2 s (we fix the matter density per CMB photon ξ 25 Evidently one theory will be regarded as more successful than another if it predicts more correlations. These coincide with the observed values. The correlation thus supports the theory that led to it.
The most probable values for a uniform prior in A s and Λ are at the largest value of log 10 Λ and log 10 A s in the allowed range and indicated by the • and are not close to the observed values.
to its observed value). This gives rise to the dotted line with slope 2/3 in Fig. 7 . For combinations (Λ, A s ) to the right of this line the universe expands too quickly for galaxysized, gravitationally bound systems to ever form. For A s 10 −5 halos consist mostly of massive black holes, and the fraction f of matter in habitable galaxies is essentially negligible.
The fraction f is also a function of time. For times much before the collapse time t C (Λ, A s ) the fraction f (Λ, A s , t) of protons in galaxies is very small. For times that are greater than t C (Λ, A s ) the fraction approaches an asymptotic value. The sharp constraint on the age t 0 represented by the step function in (4.9) can thus be approximately implemented by a sharp constraint that the fraction f be above some value f C by t 0 . This in turn leads to a sharp lower cutoff on A s ≥ 10 −8.67 ≡ A c s , and a sharp prediction of Λ in agreement with observation [30, 34] .
In the next Section we substitute the NBWF prior (4.2) in the TD probabilities (4.8) to derive our predictions for the CMB-related observables in O in D-brane inflation.
V. NBWF PREDICTIONS FOR CMB OBSERVABLES
In Section III B we argued that the eternal inflation patches allow for an effectively singlefield slow roll description on observable scales that leave the horizon well after the exit from eternal inflation. In this approximation the observables A s , n s , α s and r of interest are given by (e.g. [27] )
which must be evaluated at around N * ≈ 60 efolds before the end of inflation. Here =
In multifield inflation, η is a vector with a component η along the trajectory and a component η ⊥ perpendicular to it, which quantify respectively the degree of acceleration of the brane parallel to its instantaneous motion and the degree of instantaneous bending of the trajectory on itself 26 [1] . We have
where where both coefficients were determined on the basis of our simulations. If we substitute this in the no-boundary weighting (4.3) then the TD probabilities (4.8) for (D loc , A s ), marginalised over the remaining perturbation observables, become
where the first factor arises from the logarithmic weighting on a 0 employed when we scan the landscape, and the second factor is the statistical distribution of landscape patches. The latter can be derived from Fig. 6 . This shows that patches of EI become exceedingly rare in the landscape for small values of a 0 . However the no-boundary weighting towards small 26 In the EI ensemble, 95% of trajectories satisfy the rough single-field condition proposed in [1] , namely that η ⊥ /η < 0.05 everywhere during the last 60 efolds.
A s is much stronger, leading to the prediction that the joint TD probabilities are sharply peaked around the observed value log 10 A c s = log 10 A obs s ≈ −8.67. The no-boundary weighting towards small A s also implies that the predicted dark energy density agrees well with the observed value (cf. Fig. 7 ). This is in contrast with the prediction of Λ based on a uniform prior as discussed in [30] . clearly has no effect. The same can be said for Q, as long as it's allowed to be sufficiently small. Also, including additional contributions V 0 to the inflationary vacuum energy will not alter these predictions: the line of data points would simply get shifted upwards or downwards depending on the sign of V 0 (see also Section VIII).
Finally we note that (5.7) roughly coincides with the maximum value of log 10 A s , evaluated 60 efolds before the end of inflation, as a function of a 0 , in the entire inflationary ensemble.
This can be understood from the intuitive picture we have sketched that the EI condition selects the flattest inflection points in the landscape, with the smallest possible V given V .
The small slope on the scales associated with EI generally persists throughout the slow roll phase because D-brane inflation is a small field model.
B. Spectral Properties of Primordial Perturbations
We now turn to the remaining observables n s , α s and r in O associated with the spectral properties of CMB perturbations. The NBWF prior (4.2) selects EI patches with A s = A obs s , but it is flat over n s , α s . However it turns out that the landscape statistics in the restricted subset of EI patches with A s = A obs s leads to definite predictions for n s , α s . This is evident from our simulations. The data points for these two observables in EI patches are given in Figs. 9 and 10 respectively.
First, Fig. 9 shows that the no-boundary measure in the D-brane landscape predicts n s ≈ .936. This agrees with the large N e limit of an inflection point model, as we discuss below (see also [24] ), up to a correction second order in η . Indeed, instances of EI with small a 0 have many efolds of classical inflation, which are expected to be effectively single-field and inflating along an inflection point characteristic of D-brane inflation. The same reasoning holds for α s , for which the no-boundary measure predicts α s ≈ −.00103 (cf. Fig. 10 ). The N e → ∞ limit of an inflection point model yields α s ≈ −.00104. This agrees with the value of n s in the N e → ∞ limit of inflection point inflation, see (6.11) . Green data points originate from a separate scan at small values of a 0 and Q.
We now turn to the tensor-to-scalar ratio r. Here the situation is analogous to that of A s as can be seen from Fig. 11 , which shows that the EI data points in the small a 0 regime are concentrated along a narrow band in the (log 10 a 0 , log 10 r)-plane. Not surprisingly this turns out to be a rough lower bound on r ∼ (V /V ) 2 , for a given a 0 , in the entire {N e > 60} ensemble. The extrapolation of the curve that fits the data for r(a 0 ) to log 10 a 0 ≈ −5 yields the predicted value in the NBWF. Taking the statistical uncertainties (due to a lack of realisations in this regime) into consideration we find r ∈ [−14.55, −13.74] at the 68% confidence level.
Finally, we remark that signatures of non-Gaussianity as encoded by the parameters f N L and t N L are expected to be unobservably small in the EI ensemble. This follows from the estimates given in [3] , from which the very conservative estimates f N L < 10 −4 , t N L < 10 −7 can be deduced for the EI ensemble. This is orders of magnitude smaller than the current error bars on the observed values [35] . Hence the NBWF predicts no observable non-Gaussianity.
VI. INFLECTION POINT MODEL
It is well known that a simple model of inflection point inflation captures a good part of the phenomenology of the classical cosmology of D-brane inflation (see e.g. [24] ). In this Section we show that a single-field model of inflection point inflation describes also most of the phenomenology of D-brane inflation in quantum cosmology, in particular the predictions associated with eternal inflation patches. We consider the following cubic potential [24] , 
At the inflection point the conditions for inflation must hold, so 1 at φ = 0 and hence
The total number of efolds of the background cosmology that probes the entire inflationary patch (i.e. in which the scalar starts at η ≥ 1) is given by
27 With V 0 λ 1 and under the assumption of small field inflation, |η| becomes unity before | | does.
which we see will be large (Fig. 4) when
In order for the EI condition to hold somewhere along the trajectory -and hence for (6.1) to model an EI patch in the D-brane landscape -it suffices to require EI occurs at the inflection point. In the slow roll approximation the EI condition is V 0 > 24π
, which gives
where we have defined the threshold valueλ 1 . This is in line with our experience in the Dbrane landscape where we find that EI patches become increasingly rare as V 0 decreases. The regime of eternal inflation of a typical EI realisation occurs only in a small neighbourhood ∆φ ∼ 2V 0 /λ 3 of the inflection point. On general grounds we expect λ 1 ≈λ 1 in a typical realisation. Combining (6.3) with (6.5) and (6.7) implies V 0 λ 3 V 1/2 0 . We take
where we consider 1 2 < α < 1 to be a fit parameter when comparing (6.8) with the results of our simulations. Notice that the field space extent of the EI patch is 2V 0 /λ 3 √ V 0 . During eternal inflation quantum fluctuations of the scalar field are of order H ∼ √ V , so the EI patch in small field inflection point inflation with N tot 1 is guaranteed to be sufficiently large to ensure that inflation is actually eternal. Using (6.6) , at N * efolds before the end of inflation we have
where the last equality holds if N tot N * or equivalently V 0 N 4 1−2α * . It follows that V (φ * ) ≈ V 0 and, keeping only the leading terms, that
11) where we concentrate on the slope. Best fit lines to the small a 0 data in the (log 10 a 0 , log 10 A s ) and (log 10 a 0 , log 10 r)-planes (Figs. 8, 11) give slopes 2.54011 and 1.45987 respectively. One can verify that α ≈ 0.817513 according to (6.15) , and α ≈ 0.817517 according to (6.14) which is nicely consistent.
Eq. (6.10) together with the fact that V ≈ V 0 at the EI threshold also yields the approximate no-boundary weighting (5.8) we used earlier in the D-brane landscape.
VII. ALTERNATIVE MEASURES AND OBSERVABLES
The sharp predictions based on the NBWF contrast with the broad distributions predicted on the basis of the usual ad hoc uniform measure in the D-brane landscape, augmented with the assumption that N e > 60 (and without taking into account our observational situation). This suggests different theories of the universe's quantum state can to some extent be observationally distinguished and thereby tested. On the other hand we have no evidence that the NBWF is the unique state exhibiting the correlation that we discussed.
Any specific quantum state that selects inflation is likely to predict at least some of these correlations. This is because the top-down selection of patches of eternal inflation does not rely on the specific input supplied by the NBWF. It plausibly applies more generally.
This suffices to obtain precise predictions for the joint probabilities of the set of local data D loc and the spectral properties of CMB perturbations: the probability distribution for D loc implies A s lies within a rather limited range, which in the D-brane landscape yields sharp predictions for the remaining CMB-related observables (cf. e.g. Fig. 9 ). In short, the quantum state selects EI and the structure of the landscape potential does the rest.
However this simple scheme does not apply to our predictions of the amplitude A s . Here we do rely on the NBWF bias towards small values of A s within the EI ensemble. Adopting a uniform measure on the EI ensemble may not significantly change this but if one were to adopt the tunnelling state [36] , which in the EI landscape strongly favours universes with large A s , then one would predict log 10 A s ∼ −5 much larger than its observed value.
One might wonder what would happen to our predictions if some of the observables had been left out [30] . Suppose we had calculated the joint probability describing a correlation between Λ, A s , and a more restricted set of local data D loc that do not include a specification of the age. To examine whether the NBWF predicts a correlation between the observed values of Λ, A s and the observation that D loc exists some time one must evaluate the joint probability (4.8), where P (D loc |Λ, A s ) is again of the form (4.9) but now with the fraction f replaced by its asymptotic value and without the step function in time. The lower bound on A s is no longer set by the age t 0 as in Fig. 7 , but by the requirement that there be sufficient radiative cooling of collapsed halos for stars to form [33] .
The NBWF favours the smallest A s in the region selected by P (D loc |Λ, A s ) which is A s ∼ 10 −12 . In those universes galaxies typically form at a time later than t 0 from the collapse of perturbations which have an initial amplitude A s smaller than the observed value. The NBWF prior assigns much lower probability to a correlation between the observed values of Λ, A s and the existence of D loc some time, than it does to the correlation between Λ, A s and D loc that includes a specification of the age t 0 . Does this mean the theory has failed in its predictive power? No, because in quantum cosmology one expects only some correlations to be predicted with significant probabilities. We need to search to find these, and the comparison of these two correlations is an example of this search. Data that we have should not be left out unless it can be demonstrated they do not affect the result. Indeed, if we had neglected the formation of stars in addition to the age, A s would have been pushed down to
On the other hand, in most of the literature on D-brane inflation it is simply assumed that the amplitude A s takes its observed value. In quantum cosmology this is done by including our observations of A s in the data D uloc that are conditioned on in (4.7). It is immediately clear this would yield extremely sharp predictions for the remaining observables O in (4.8).
This provides perhaps the cleanest illustration of the contrast between the sharp NBWF predictions in D-brane inflation and the broad distributions implied by a uniform measure on the entire {N e > 60} ensemble.
VIII. CONCLUSION
We have shown that the primordial perturbation patterns in universes emerging from low eternal inflation patches in the D-brane landscape share very specific spectral properties.
These include a scalar tilt n s ≈ .936, a running of the scalar tilt α s ≈ −.00103, a tensorto-scalar ratio log 10 r < −13, undetectably small non-Gaussianity and no observable spatial curvature.
The NBWF applied to D-brane inflation predicts that our universe has emerged from one of those regions of eternal inflation. Consequently the top-down probabilities for CMBrelated observables in the no-boundary state in D-brane inflation are sharply peaked around the above values. By contrast either the D-brane landscape or the NBWF alone yields broadly distributed probabilities for those observables and hence no precise predictions. This explicitly demonstrates that both the structure of the landscape -the so-called 'statistics' -and the quantum state are essential for cosmology to be predictive.
It hasn't escaped our notice that the sharp prediction for the spectral tilt in D-brane inflation lies outside the range allowed by observations [34] . It is an important question whether structure of the D-brane landscape we have not taken into account can alleviate this tension. Fig. 9 shows there do exist EI histories for larger values of a 0 with values of n s that lie within the range allowed by observations. These histories have far fewer efolds after the exit from EI and an amplitude A s that is much larger than its observed value. At first sight it appears one can adjust A s independently by including contributions V 0 to the inflationary potential from other regions of the Calabi-Yau, along the lines of [3] . If those contributions lower the potential then the observed A s will correspond to a larger value of a 0 . However it appears that the observationally viable histories with larger values of n s no longer satisfy the EI criterion when V 0 lowers the potential significantly. The EI histories that remain all have many efolds of slow roll after the EI exit and n s ≈ .936. This is also borne out by the phenomenological inflection point model.
We are therefore led to the conclusion that observations rule out D-brane inflation for a wide range of measures, including the NBWF, that select EI patches in the landscape. However this disagreement with observation is not our main result. After all this is but a particular corner of the string landscape. Rather we have an important conceptual result, namely that precision cosmology probes an intricate combination of the statistical properties of the string landscape and the universe's quantum state and therefore can be employed to test both parts of the theoretical framework.
